and was signifi cantly different among years in this evaluation. The average number of seeds fl oret -1 under pollination by naturally occurring insects was similar to the number of seeds developed without presence of pollinators. The number of days from sowing to fi rst 10 and 50% bloom, as well as to the fi rst and last seed maturity, varied signifi cantly among years and accessions. Seed yield was positively correlated with 100-seed weight, the interval between fi rst 10 and 50% bloom, and longest seed-bearing stem. The number of seeds fl oret -1 was not signifi cantly correlated with seed yield. Signifi cant interaction between accessions and years was observed for number of seeds fl oret -1 developed without insect pollinators, the interval between fi rst 10 and 50% bloom, longest seed-bearing stem, number of days from sowing to fi rst and last harvest, and harvest spread. Some germplasm accessions evaluated in this study had a higher seed yield than yields reported in the literature and exhibited advantageous characteristics applicable in meadowfoam improvement.
For nearly 30 years, meadowfoam has been grown commercially on a small scale as a rotation crop in Willamette Valley, Oregon by grass-seed producers (Knapp and Crane, 1999) . Oregon State University developed a few cultivars e.g., 'Foamore', 'Mermaid', 'OMF64', and 'Knowles' (Calhoun and Crane, 1975; Calhoun and Crane, 1984; Crane and Knapp, 2000) , which are used in Oregon. The production acreage of meadowfoam has fl uctuated due to marketing diffi culties and unreliable seed yields (Knapp and Crane, 1999) . In recent years, the industry demand for meadowfoam oil has increased as have grower profi ts. To sustain the meadowfoam industry, development of new cultivars with consistently high seed yields is needed Hoff man, 2002, Knapp and Crane, 1999) . Self-pollinated cultivars are preferred over those that are insect-pollinated since seed-set in the absence of pollinators can reduce production costs and increase the stability of seed yields across years (Knapp and Crane, 1999) . The objective of this study was to evaluate potential seed production and associated morphological and phenological characteristics of selected L. alba germplasm accessions maintained by the U.S. National Plant Germplasm System (NPGS).
MATERIALS AND METHODS
During three growing seasons (2004) (2005) (2006) , 24 diff erent L. alba accessions from the NPGS Limnanthes collection were evaluated for seed-producing characteristics at the USDA-ARS, NPGS site, Parlier, CA. Twenty-one of the accessions represented wild material collected in California and regenerated within the NPGS and three were cultivars developed by Oregon State University (Table  1 ). All experimental plots were established from transplants. Each year, in the second half of November, seeds were sown in nursery fl ats in a screenhouse and seedlings were transplanted into 0.06 × 0.06-m plastic containers. The following year, during the fi rst half of February, the transplants were planted on a 0.18 × 0.20-m grid in fi eld plots (1.8m 2 ) [Hanford loam (coarse-loamy, mixed, superactive, nonacid, thermic typic xerorthents)] in a complete randomized block design (50 plants plot -1 , 4 replications). Plots were fl ood-irrigated weekly during March and April and as needed during February and May. Fertilizer (NPK 40:50:50) was applied to the soil before planting. Flower pollination was performed by naturally occurring insects in the fi eld.
For each plot, observations were made on the dates of the fi rst 10 and 50% fl ower bloom and the dates of fi rst and last plant harvest (harvest span). These dates were used to calculate the number of days that elapsed from sowing to the indicated bloom and harvest dates. In each accession, plants were harvested several times, as physiological seed maturity of the majority of seeds on the plants occurred, and the number of harvests recorded. . In Oregon production fi elds, typical seed yields ranged from 600 to 1200 kg ha -1 (Roseberg, 1996) . The extrapolated seed yields (based on an experimental plot size of 1.8 m 2 ) of the top accessions in this study would be equivalent to 1229, 1192, and 1164 kg ha -1 for PI 608039 (OMF64), PI 374803, and PI 374802 kg ha -1 and the lowest to 218 kg ha -1 (PI 374800). No signifi cant interaction between accessions and years was observed for seed yield. The GDD for these three top accessions (three year average at 50% bloom) were 192, 253, and 279, compared to 410 for the PI with the lowest yield.
The largest seed weights were observed in OMF64 (PI 608039) with 0.721 g 100 -1 seed; however, the 100 seed weight was only signifi cantly higher from one other accession evaluated (Table 3 ). OMF64 (PI 608039) also had the highest yield. PI 283704 produced the smallest seeds (0.496 g), but was not the lowest seed-yielding accession. In 2006, the average seed-bearing stem was significantly longer than in 2004 (0.29 vs. 0.23 m). The shortest seed-bearing stems were observed in plants of PI 374800
Harvested plants were dried in a shed with forced air circulation (ca. 28-34 °C). Seeds were threshed in a custom-made belt thresher, pre-cleaned in a seed blower (No. 757, Seedburo, www. seedburo.com) , and fi ne cleaned by hand. Seed mass (g) from all plants harvested (usually 48-50 plot (Table 2) .
Data were evaluated by ANOVA (Tukey-Kramer HSD, α = 0.05), multivariate correlation analysis for selected characteristics was based on Pearson's coeffi cient, and interactions between accessions and years were evaluated by a fi t model analysis ( JMP 7.0, SAS). . Seed yield of PI 374800 was signifi cantly lower than all other 23 accessions evaluated. The two other cultivars included in the trial Knowles (PI 604600) and Foamore (PI 543894), yielded significantly less (125.9 and 100.3 g plot -1 , respectively) than did the top seven accessions. Higgins et al. (1971) reported a yield of 1700 kg ha -1 in their experimental studies and Knapp and Crane and the longest in plants of PI 374794 (0.17 and 0.31 m respectively). Shorter seed-bearing stems are less prone to lodging and may be easier to harvest mechanically. A signifi cant interaction between accessions and years was observed for this trait (P ≤ 0.008).
RESULTS AND DISCUSSION

Number of Seeds Floret -1
Under open-fi eld conditions (no exclusion of insect pollinators) in Parlier, CA, the highest mean number of seeds fl oret -1 was 3.6 seeds (PI 374798) out of 5 seeds possible (Table  3) . Sixteen other accessions were statistically indistinguishable from the number in PI 374798. The lowest number of seeds fl oret -1 was 2.5 in PI 374804 with insects. The lowest number of seeds fl oret -1 was 1.5 when insects were excluded. The highest number of seeds fl oret -1 in isolation cages that excluded insect pollinators was 3.4 (PI 374790 and PI 374791) which was not signifi cantly diff erent from the number in 11 other accessions (2.7-3.3 seeds fl oret . The interaction of accessions and years was signifi cant (P < 0.001) for the number of seeds fl oret -1 produced under isolation cages (without insect pollinators). Pierce and Jain (1977) reported that the number of seeds fl oret -1 can be improved by selection. In production fi elds, the addition of bee hives for pollination can pose logistical diffi culties and contribute to higher production costs. According to Knapp and Crane (1999) , honeybee rentals make up to 35% of production costs. Self-pollinated cultivars would thus have an advantage over insect-pollinated cultivars. Hence identifi cation of self-pollinated germplasm has great value to meadowfoam breeders and growers and most likely would lower seed-yield volatility. Data pointing to poor pollination as the main cause of low seed yields in meadowfoam are not yet established (Knapp and Crane 1999) . In Oregon production fi elds, under honey bee pollination (1 hive acre -1 ), an average of 2.5 to 3 seeds fl oret -1 was observed (Brunik, personal communication, 2004) . In this experiment, in the plant populations grown under insect-proof cages, several plants developed 4 (or rarely 5) seeds fl oret -1 (PI 374790, PI 374791, PI 367900, PI 374792, and PI 374798) . Such plants could serve as a base population for the selection of self-pollinated meadowfoam lines.
Phenological Observations: Days from Sowing to 10 and 50% Bloom
The shortest average time from sowing to the fi rst 10% of No signifi cant interaction between accessions and years was observed for 10 and 50% bloom, however, the interaction was signifi cant (P < 00001) for the time period between 10 and 50% bloom. Jain and Abuelgasim (1981) , and Krebs and Jain (2006) observed the highest seed yields for early fl owering L. alba and L. douglasii populations.
Knowing the interval from sowing to fl owering can assist in scheduling the introduction of pollination insects for cross-pollinated germplasm in production fi elds. Accessions with a short span of fl owering are usually more sensitive to unfavorable weather conditions than those with prolonged fl owering. However, the application of insect pollinators might be less costly for germplasm with a shorter fl owering time. Signifi cant diff erences between years in blooming time suggest the infl uence of weather conditions. The lowest average GDD value for 10% bloom was also in 2004 and the highest in 2006 for both 10 and 50% bloom (Table  2 ). This may suggest that lower temperatures accelerate the bloom of L. alba, or perhaps in certain accessions. Variation in the interval from sowing to blooming and in the timespan of fl owering may be of interest to breeders.
Phenological Observations: Days from Sowing to Harvest
The time from sowing to physiological seed maturity on the fi rst 10% of plants varied signifi cantly across the three years of the trial. It was shortest in 2006 and longest in 2005 (177.7 and 190 .3 d, respectively) (Table 3) . However, in 2006, the time from sowing to 10 and 50% bloom was the longest. The shortest time from sowing to last harvest may be due to higher GDD values (Table 2 ) observed in 2006; higher average temperatures most likely accelerated the physiological seed maturity. The quickest accession to reach physiological seed maturity on the fi rst 10% of plants was in PI 608039 (OMF64) and the slowest was PI 604600 (Knowles) and PI 374798 (177.3, 188.3, and 188.2 d respectively) . The time from sowing to the last seed maturity varied signifi cantly between all evaluation years, and was the shortest in 2006 (185.8 d) . Only one accession (PI 374800) was signifi cantly slower in reaching 100% seed maturity (218.8 d) than the other accessions evaluated. Interaction between accessions and years was signifi cant (P ≤ 0.0068) for fi rst and last harvest date. The number of days between the fi rst and last harvest (harvest span) was signifi cantly diff erent for the three years evaluated and was shortest in 2006 (8.1 d) and longest in 2005 (17.0 d). The harvest span was not signifi cantly diff erent for 23 of the accessions (from 8.0-18.1 d) but was signifi cantly longer for PI 374800 (32.2 d). Interaction between accessions and years for harvest span was signifi cant (P ≤ 0.019) but was insignifi cant for the number of harvests. The number of harvests within each accession was signifi cantly diff erent in the three years of the experiment and was lowest in 2006 and highest in 2004 (2.4 and 3.6, respectively) . PI 543894 (Foamore) had the lowest average number of harvests, which was significantly lower than for PI 374800 (2.3 and 5.5, respectively).
A short interval between seed maturity on the fi rst and last plants within an accession or cultivar is favorable for mechanical harvest and minimizes potential losses of seed yield from the earliest plants. Therefore, populations with seeds maturing synchronously are desirable for cultivar development. Information on the time required from sowing to fi nal seed maturity may be helpful in planning crops for rotation.
Correlations between Selected Characteristics
On the basis of Pearson's coeffi cient several correlations between evaluated traits were identifi ed (Table 4) : (i) strongly signifi cant (α ≤ 0.01), positive correlations existed between seed yield and 100-seed weight, (ii) seed yield and numbers of days between the fi rst 10 and 50% of plants in bloom, and (iii) seed yield and seed-bearing stem length. The longest seed-bearing stem length was also positively correlated with the number of seeds fl oret -1 produced under natural pollination, with the time from sowing to 10 and 50% of bloom, as well as with the interval between the fi rst 10 and 50% of plants in bloom. The number of harvests made for each accession was positively correlated with the harvest span. The number of days between the fi rst 10 and 50% bloom was signifi cantly (α ≤ 0.05) correlated with 100-seed weight and the number of seeds fl oret -1 . Strongly signifi cant (α ≤ 0.01), negative correlations were observed for seed yield and the time between the fi rst and last harvest, seed yield and the harvest span, and seed yield and the number of harvests. The 100-seed weight was not correlated with the number of seeds fl oret -1 observed in the fi eld, the time from sowing to harvest, the harvest spread, or seeder height. This indicates that it should be possible to increase seed yield by selection for larger seeds without extending the time from sowing to harvest, the harvest span, and the seeder height.
In wild populations of L. douglasii var. nivea C.T. Mason, L. douglasii var. sulphurea C.T. Mason and L. alba, 100-seed weight, plant dry matter, and harvest index were the most important traits in determining seed yield (Abuelgasim 1982) . In this study, longest seed-bearing stem length, the number of days between 10 and 50% of bloom and 100-seed weight were also strong predictors of meadowfoam seed yield.
SUMMARY
While the highest seed production was observed in cultivar OMF64 (PI 608039), ten wild germplasm accessions (PI 374803, PI 374802, PI 283703, PI 374805, PI 374804, PI 374799, PI 374791, PI 374798, PI 374790, and PI 374801) showed higher yields than the two other cultivars included in the study, Foamore (PI 543894) and Knowles (PI 604600). For several useful traits, the wild accessions surpassed the three cultivars included in this study. The highest 100-seed weight was observed in OMF64 (PI 608039), but the 100-seed weights of six wild accessions (PI 374805, PI 374802, PI 374804, PI 374803, PI 374796, and PI 374799) exceeded that of Knowles (PI 604600) and 17 wild accessions exceeded that of Foamore (PI 543894). Six wild accessions (PI 374798, PI 374795, PI 283703, PI 374794, PI 367900, and PI 374796) produced more number of seeds fl oret -1 than Knowles (PI 604600) and four additional wild accessions (PI 283701, PI 374793, PI 283704, and PI 374797) developed more seeds fl oret -1 than OMF64 (PI 608039). When insect pollinators were excluded with cages, all 21 wild accessions produced more seeds fl oret -1 than Foamore (PI 543894) and in seven wild accessions produced more than Knowles (PI 604600). Signifi cant interaction between accessions and years was observed for number of seeds fl oret -1 developed without insect pollinators, number of days elapsed between 10 and 50% bloom, longest seed-bearing stem, number of days from sowing to fi rst harvest, and harvest spread. For all other characteristics evaluated the interaction between accession and year was insignifi cant.
Correlations observed between selected morphological and phenological traits and potential seed yield may be helpful in predicting seed yields of meadowfoam or for indirect selection for yield. The variation in seed yield and the diversity in phenology of bloom and seed maturity suggest that the NPGS L. alba germplasm collection is an excellent source for selection and the development of improved cultivars. Analysis of total seed oil and its composition from this germplasm are in progress, and together with the data presented herein, should provide even more information to guide meadowfoam crop improvement. 
